Chapter 14 Inductor Design

14.1  Filter inductor design constraints
14.2 A step-by-step design procedure
14.3 Multiple-winding magnetics design using the
K, method
14.4 Examples
14.5 Summary of key points
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14.1 Filter inductor design constraints

Objective:
L Design inductor having a given inductance L,

. which carries worst-case current /,,,,,
i
and which has a given winding resistance R, or, equivalently,
exhibits a worst-case copper loss of

without saturating,

P,=1,°R

Example: filter inductor in CCM buck converter
L
i(t)

| Ai

it

T 0 DT, T,
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Assumed filter inductor geometry

Core reluctance #, I
+ -
D
Ry
i)
T
n 4
V) turns N % Air gap
_ N reluctance P
) LION @ ILY0) g

Solve magnetic circuit:

Re= L ni= d)(.ﬂc + .wg)
weA,
R <
R = ly Usually #, < #, and hence
97 MoA: . N
ni=®%,
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14.1.1 Constraint: maximum flux density

Given a peak winding current 1,,,, it is desired to operate the core flux
density at a peak value B,,,.. The value of B, is chosen to be less

than the worst-case saturation flux density B, of the core material.

sat

From solution of magnetic circuit:

ni =BA,
Let/=1,andB=B,,:

I mox = Brax Ac 24 = B, Ly

nmax’ 'max c'/'g’ "“XLTO

This is constraint #1. The turns ratio » and air gap length ¢, are
unknown.
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14.1.2 Constraint: inductance

Must obtain specified inductance L. We know that the inductance is

n2 _ WoAcn?
Ry~ (L

9

This is constraint #2. The turns ratio n, core area A_, and air gap length
(, are unknown.
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14.1.3 Constraint: winding area

Wire must fit through core window (i.e., hole in center of core)

wire bare area

Total area of
copper in window:

nA, | | corewindow
W o— | aeaW,
Area available for winding
conductors:
KW,

Third design constraint:
KW, = nA,,
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The window utilization factor K,
also called the “fill factor”

K, is the fraction of the core window area that is filled by copper
Mechanisms that cause K, to be less than 1:

Round wire does not pack perfectly, which reduces K, by a
factor of 0.7 to 0.55 depending on winding technique

Insulation reduces K, by a factor of 0.95 to 0.65, depending on
wire size and type of insulation

Bobbin uses some window area

Additional insulation may be required between windings
Typical values of K, :

0.5 for simple low-voltage inductor

0.25 to 0.3 for off-line transformer

0.05 to 0.2 for high-voltage transformer (multiple kV)

0.65 for low-voltage foil-winding inductor
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14.1.4 Winding resistance

The resistance of the winding is
Y
R=p A

where p is the resistivity of the conductor material, ¢, is the length of
the wire, and A, is the wire bare area. The resistivity of copper at
room temperature is 1.724:10-°Q-cm. The length of the wire comprising
an n-turn winding can be expressed as

,=n(MLT)
where (MLT) is the mean-length-per-turn of the winding. The mean-

length-per-turn is a function of the core geometry. The above

equations can be combined to obtain the fourth constraint:
n(MLT
R=p NMLT)
AW
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14.1.5 The core geometrical constant K,

The four constraints:

{ M2 _ WA
s = B A #g = By i a0
KW, = nA, R=p n (,’Zlvl;T)

These equations involve the quantities
A., W,, and MLT, which are functions of the core geometry,

Iuo Buax » Moo L K, R, and p, which are given specifications or

other known quantities, and
n, {,g, and Ay, which are unknowns.

Eliminate the three unknowns, leading to a single equation involving
the remaining quantities.
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Core geometrical constant K,

Elimination of n, €

s by and A, leads to

AW, . PLA
(MLT) = BZLRK

+ Right-hand side: specifications or other known quantities

u

« Left-hand side: function of only core geometry

So we must choose a core whose geometry satisfies the above
equation.

The core geometrical constant X, is defined as

AW,

Ke= ML)
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Discussion
K = AW, _ pLAg,

= "cTA , M= max
9 (MLT) ™ BZ,RK,
K, is a figure-of-merit that describes the effective electrical size of magnetic
cores, in applications where the following quantities are specified:

« Copper loss

+ Maximum flux density

How specifications affect the core size:
A smaller core can be used by increasing
B, = use core material having higher B, ,
R = allow more copper loss
How the core geometry affects electrical capabilities:
Alarger K, can be obtained by increase of
A, = more iron core material, or
W, = larger window and more copper

of Power Electronics i Chapter 14: Inductor design

14.2 A step-by-step procedure

The following quantities are specified, using the units noted:

Wire resistivity P (Q-cm)
Peak winding current Ly @A)
Inductance L H)
Winding resistance R Q)
Winding fill factor K,

Core maximum flux density B, (T)

The core dimensions are expressed in cm:

Core cross-sectional area A, (cm?)
Core window area A (cm?)
Mean length per turn MLT (cm)

The use of centimeters rather than meters requires that appropriate
factors be added to the design equations.
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Determine core size

2|12
K,= H 10°  (cmd)

Choose a core which is large enough to satisfy this inequality
(see Appendix D for magnetics design tables).

Note the values of A, W,, and MLT for this core.
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Determine air gap length

LI2

(= ”027% 10 (m)
BlaxAc

with A, expressed in cm2 u, = 47107 H/m.

The air gap length is given in meters.

The value expressed above is approximate, and neglects fringing flux
and other nonidealities.
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AL

Core manufacturers sell gapped cores. Rather than specifying the air
gap length, the equivalent quantity A, is used.

A, is equal to the inductance, in mH, obtained with a winding of 1000
turns.

When 4, is specified, it is the core manufacturer’s responsibility to
obtain the correct gap length.

The required A, is given by:

; Units:
10BZ,, AZ 2
A =——mk  (MmH/1000 turns) A om
LIz, L Henries,
Bma\ Tega‘
L=A_n210"° (Henries
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Determine number of turns n

LI
n=—mx_ 104
BraxAc
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Evaluate wire size

K W,

Ay =
"~ n

(cm?)

Select wire with bare copper area A, less than or equal to this value.
An American Wire Gauge table is included in Appendix D.

As a check, the winding resistance can be computed:

RPN (XIWLT) ©@
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14.3 Multiple-winding magnetics design
using the K, method

The K, design method can be extended to multiple-
winding magnetic elements such as transformers and
coupled inductors.

This method is applicable when

— Copper loss dominates the total loss (i.e. core loss is
ignored), or
— The maximum flux density B
a quantity to be optimized
To do this, we must
— Find how to allocate the window area between the windings
— Generalize the step-by-step design procedure

is a specification rather than

‘max
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14.3.1 Window area allocation

Given: application with k windings non
h ALY
having known rms currents and
desired turns ratios rmscurrent L 1 rmscurrent
1 2
Vi) v - ()
n, n, ne
Core !
rms current

- Window area W,

I
k

<]

Core mean length
per turn (MLT)

Wireresistivity p

Q: how should the window
Fill factor K, area W, be allocated among
the windings?

19 Chapter 14: Inductor design

of Power Electronics

Allocation of winding area

Winding 1 allocation
Wy
Wnding 2 allocation
aWy )
Total window
etc. area\Wy
O0<a;<1
Ayt o+ -ty =1
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Copper loss in winding j

Copper loss (not accounting for proximity loss) is

— 2
Puj=liR
Resistance of winding j is
R=pd
i =P Aw,
with
(;=n; (MLT) length of wire, winding j
WiK @ ) o
ij = T wire area, winding j
: ]
Hence . 2:2
_ nf(MLT) :nlllp(MLT)
AT R
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Total copper loss of transformer

Sum previous expression over all windings:

_p(MLT) & n?lf)
5%

Poior = Pt * Pzt + P = i -
cu! cu,’ cu, cul WAKu [

Need to select values for o, a,, ..., o, such that the total copper loss
is minimized
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Variation of copper losses with o4

For a, = 0: wire of
winding 1 has zero area.
P, tends to infinity

al
For a; =1: wires of
remaining windings have
zero area. Their copper
losses tend to infinity

Copper
loss

There is a choice of «,
that minimizes the total
copper loss

oy
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Method of Lagrange multipliers

to minimize total copper loss

Minimize the function 22
- ZPp(MLT) & (il

Pesior = Paua + Pz + o+ + Py = WK, ;1 o
subject to the constraint

Ayt oyt by =1
Define the function

flay, 0 o, 04 §) = Poyyo0t, @, -y ) +E Gloty, @y, -+, )
where .

ooy o @) =1- 3 o

is the constraint that must equal zero

and & is the Lagrange multiplier
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Lagrange multipliers
continued
Optimum point is solution of Result:
the system of equations
Y q E:p(MLT) inl 2:P
af(alyaw ".’ak'g):O K, = I} cu,tot
do, ni
af(ay, oy ""“k'E):o Oy =
da, 21 n il j
. n=
df(og, g v, a4, E) _ 0
o, An alternate form:
9 f (0, 0y, -y E) _ V. I
- & =
2 VIII
n=1
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Interpretation of result

o, = 73/ nlm
nz ! Vil
Apparent power in winding j is
Vlll
where V; is the rms or peak applied voltage

I; is the rms current
Window area should be allocated according to the apparent powers of
the windings
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Example
PWM full-bridge transformer

1,0 i(t) [

-
} n, turns ) :,il
i3t 0 0 (
_n
+ Note that waveshapes ‘ LY
(and hence rms values) L0
of the primary and z !
secondary currents are o8t o 08l I
different
io(0)
« Treat as a three- ‘ 051 | 05l
winding transformer 0 |
0 DT, T T+DTg ZTs t
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Expressions for RMS winding currents

i1(0 %I
X
= /L (TiEgd =" D 0 0
L=y ZTJD it)dt nlI\D

Y
ny

==y i| ‘gt =11 VIFD 0

21, ), |
0.5 0.5
L o |
see Appendix A X0 |
0.5 0.5
o |
0 DTy TS T,+DTg
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. . _ Viln
Allocation of window area: on=—z""-
2 VJ' J
n=1

Plug in rms current expressions. Result:

- 1 ! ]

o= Fraction of window area
1+,/1+D allocated to primary
V' D winding

- -1 1 Fraction of window area

A= %73 1 D allocated to each
+ o
V1+D secondary winding
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Numerical example

Suppose that we decide to optimize the transformer design at the
worst-case operating point D = 0.75. Then we obtain
o, =0.396
a,=0.302
a5 =0.302
The total copper loss is then given by
MLT) (& :
Pm tot = M 2 n I
! WK, v it
_ p(MLT)n;I 2
WK,

=

(1+2D+2\ D{I+D)
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14.3.2 Coupled inductor design constraints

Consider now the design of a coupled inductor having & windings. We want

to obtain a specified value of magnetizing inductance, with specified turns
ratios and total copper loss.

n]'nz
B0 T O L A *0)
vi(t) Ly H vilt)

R R2 nyiy, () e @ Ay

Magnetic circuit model:

R,

of Power Electronics 3l
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Relationship between magnetizing
current and winding currents

n] N ﬂz
RO MO

70 Ly H 70

Ry

Solution of circuit model, or by use of
Ampere’s Law:

() =500 +2—j FOREE +:—:ik<t)
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Solution of magnetic circuit model:
Obtain desired maximum flux density

R, Assume that gap reluctance is much
larger than core reluctance:

iu(t) =Bt)AA
“1iM(l) @ #, Nin(t) = B)AA,

Design so that the maximum flux density B, is equal to a specified value
(that is less than the saturation flux density B, ). B, is related to the
maximum magnetizing current according to

l
M1l e = B Ac g = B i

of Power Electronics »
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Obtain specified magnetizing inductance

By the usual methods, we can solve for the value of the magnetizing
inductance L,, (referred to the primary winding):
2
Z N1 o MoA:
M=, M
“tg 9
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Copper loss

Allocate window area as described in Section 14.3.1. As shown in that
section, the total copper loss is then given by

_p(MLT)n21%,

P
cu
WK,
k. nJ
with Lot = Al
T
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Eliminate unknowns and solve for Kg

Eliminate the unknowns ¢, and n;:
_ P(MLT)LE ol e
U B AWK,
Rearrange equation so that terms that involve core geometry are on
RHS while specifications are on LHS:
AW _ PLis ol o
(MLT) ~ BZ,K,P,,

The left-hand side is the same K, as in single-winding inductor design.
Must select a core that satisfies

2122

>p|—M|lollM,max

9= 2
B"'BXKUPCU
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14.3.3 Step-by-step design procedure:

Coupled inductor

The following quantities are specified, using the units noted:

Wire resstivity [ (Q-cm)

Totd rmswinding currents |, = 3 %h (A) (rderedtowinding 1)
=

Peak magnetizing current  /, (A) (rd e@redtowinding 1)

i
Dedred turnsratios n;/r:z.\ nyfn,. etc.

Magnetizing inductance L, (H) (rd eredtowinding 1)
Allowed copper loss P, W)

Winding fill factor K,

Coremaximum flux density B, Q)]

The core dimensions are expressed in cm:

Corecross-sctional aea A, (cm?)
Corewindow area W, (cm?)
Mean length per turn MLT (cm)

The use of centimeters rather than meters requires that appropriate factors be added to the design equations.
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1. Determine core size

2122
pLZ 12,1
Kgz M 108 (cmd)
B,
Choose a core that satisfies this inequality. Note the values of A, W,,
and MLT for this core.

The resistivity p of copper wire is 1.724 - 106 Q cm at room
temperature, and 2.3 - 10-6Q cm at 100°C.
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2. Determine air gap length

Lyl
_ Mobm! mmax 104 (m)

¢
° BhaA

(value neglects fringing flux, and a longer gap may be required)

The permeability of free space is [, =4m - 107 H/m
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3. Determine number of turns

For winding 1:

_LMIM,rmx 4
nl—iBrMXAC 10

For other windings, use the desired turns ratios:
Ny
n,=|—=|n

Ns
n,=(=1|n
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4. Evaluate fraction of window area
allocated to each winding

_ Ml
- n.l Wnding 1 allocation
1 ot oW,
n,l, Winding 2 allocation
= W,
Nyl ot Total window
. ec. areaW,
Nl
AT
1" ot oyt o,+ ety =1
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5. Evaluate wire sizes

a, KW,
< &aRuWa
ny
a,K W,
< 2™ u''A
1"

Au

Az

See American Wire Gauge (AWG) table at end of Appendix D.
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14.4 Examples

14.4.1  Coupled Inductor for a Two-Output Forward
Converter

14.4.2 CCM Flyback Transformer

of Power Electronics B
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14.4.1 Coupled Inductor for a Two-Output
Forward Converter

Output 2
12v

f,= 200kHz

2A

The two filter inductors can share the same core because their applied
voltage waveforms are proportional. Select turns ratio n,/n,
approximately equal to v,/v, = 12/28.
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Coupled inductor model and waveforms

»l
Pr
x
»l
Pr
«~ DT —
x 0 :
-V,
Secondary-side circuit, with coupled Magnetizing current and voltage

inductor model waveforms. i,(r) is the sum of

the winding currents i,(1) + (7).
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Nominal full-load operating point

Design for CCM
" ° Output 1
operation with 28V
4A
D=035
vll
Aiyy=20% of I,
f,=200 kHz . Output 2
' x ) S 12V
f,= 200 kHz T 2A
DC component of magnetizing current is
n,
Iy=ly+221
w=litg e
- 12
@A+
(4A)+ 25 @A)
=486A
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Magnetizing current ripple

- in(®
Aiy = V,D'T
2L, I [
To obtain
0
Aiyy=20% of I, W)
choose
+~— DT, —
V,D'T, 0
Ly=-2—= -
M A, A
_(28V)(1-035(5us)

2(4.86 A)(20%) This leads & K tizi
=47uH is leads to a peak magnetizing
current (referred to winding 1) of

I =y + Ay =5.83A

Fundamentals of Power Electronics v Chapter 14: Inductor design

RMS winding currents

Since the winding current ripples are small, the rms values of the
winding currents are nearly equal to their dc comonents:

L=4A L=2A

Hence the sum of the rms winding currents, referred to the primary, is

11
lo=l1+ 021, =486 A
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Evaluate Kg

The following engineering choices are made:

— Allow 0.75 W of total copper loss (a small core having
thermal resistance of less than 40 “C/W then would have a
temperature rise of less than 30 °C)

— Operate the core at B,,,, = 0.25 T (which is less than the
ferrite saturation flux density of 0.3 ot 0.5 T)

— Use fill factor K, = 0.4 (a reasonable estimate for a low-
voltage inductor with multiple windings)

Evaluate K,
K o (1724 107° Q —cm)(47 uH)%(4.86 A)4(5.83 A)?
9= (0.25T)%(0.75W)(0.4)
=16-10"3cm®

108
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Select core

It is decided to use a ferrite PQ core. From
Appendix D, the smallest PQ core having

K, =16 10~ cm® is the PQ 20/16, with K, = =,
22.4- 107 cm’ . The data for this core are: *

A.=0.62 cm?

W, =0.256 cm?
/ )

MLT =4.4 cm
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Air gap length

2
[g = W 104
max”® *c
_ (4 - 107 "H/m)(47 uH)(5.83 A)?
- (0.25T)%(0.62cm?
=0.52 mm

10*
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Turns

Lyl e 114 n;

=_M Mmax n,={—=|n

ny B A, 10 275, )™

_ _(47uH)(5.83A) 10 12
(0.25T)(0.62cm?) =|2g| @70

=17.6turns

=754turns
Let’s round off to
n =17 ny=17
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Wire sizes

Allocation of window area:

nly (17(4A) _
Tl (17)(486A) 08235
_nyly (N2A) =0.1695

Tl (A7)(486A)

Determination of wire areas and AWG (from table at end of Appendix D):

K W, _ (0.8235)(0.4)(0.256cm?
< SR, _ (08239002560 _ oo s
n, (17)
use AWG #21
KW, _ (0.1695)(0.4)(0.256cm
szsazn" - (01699)(04) ) =248 10 e
2
use AWG #24
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14.4.2 Example 2: CCM flyback transformer

iu(®)

Transformer model
n:n,
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Specifications

Input voltage

Output (full load)
Switching frequency
Magnetizing current ripple
Duty cycle

Turns ratio

Copper loss

Fill factor

Maximum flux density

Fundamentals of Power Electronics

v, =200V

20Vat5A

150 kHz

20% of dc magnetizing current
D=04

ny/n; =0.15

I5W

K,=03

B,..=025T

‘max
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Basic converter calculations

Components of magnetizing RMS winding currents:
current, referred to primary: —
RLANR l=lyvD, /[ 1+1(Am)" 0706
I (nl)D'R 125A SUTLAVESS {fw
2
Bivy = (20%)1,, =025 A =", V5, 1+ (Bu]" —650A
2", \ M
L= I+ Ay = L5 A
n
Choose magnetizing inductance: lo =11+ fTi 1;=177A
L2 VeDT,
M ™ 240y,
=1.07mH
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Choose core size
2122
Ky= PLr\zAlml M.mex 418
BI'HBXPCU K u
2
1724-10°°Q-cm)(1.07- 10°H) (L77 A5 A)
(025T)%(15W)(03)
=0.049 cm®
The smallest EE core that satisfies —
this inequality (Appendix D) is the A

EE30.
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Choose air gap and turns

¢ = Bobwlhmae 40

9T B A
A
_(4n-10""Him|(107 - 10° H)(15A)? o
- (0.25T)%(2.09 cm2)
=0.44mm
_Lulwm, _ [Ny
”l‘ﬁly nz—(nl)n1
} (107-1072H)(154) o =(0.15) 59
(0.25T)(1.09cm?) =881
=58.7 turns
Roundto Ny =59 n=9
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Wire gauges

1, _(07%A)
;== =045
Yl (177A) T
womla_ (O065A)

Nila  (59)(1.77A)

A= 2K WA =1 09. 103 cm2  — use#28 AWG
1

A= 22Wa_ggg. 105m2  — use#19AWG
2
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Core loss
CCM flyback example
B-H loop for this application: The relevant waveforms:
B(t) B(t)
Be B T AB
B, =
'max Vg
o A
Minor B-H loop, w(® Vy
CCM flyback —
example DT, —
0
B-H loop,
large excitation

B(1) vs. applied voltage, dB(t) _ Vi () For the first dB(t) - \A
from Faraday’s law: “dt T nA subinterval: dt n,A
c
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Calculation of ac flux density
and core loss

Solve for AB: = I i f
V, T §2 i
AB:(nlg )(DTS) 2 B
¢ 8«
Plug in values for flyback o ?‘:’
example: % g
['8
_ (200v](04)(667ps)  , .
2(59)(1.09cm?) ) /
=0.041T 7 4
From manufacturer’s plot of core 0.04 -
. Wiem /
loss (at left), the power loss density
is 0.04 W/ecm?. Hence core loss is
Py =(0.04 Wiem3)(A Ly,
- 001
=(0.04 Wiem?3)(1.09 cm?)(5.77 cm) 001 01 03
=0.25W 0.041 AB, Tesla
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Comparison of core and copper loss

+ Copper loss is 1.5 W
— does not include proximity losses, which could substantially increase
total copper loss
+ Core loss is 0.25 W
— Core loss is small because ripple and AB are small
— Itis not a bad approximation to ignore core losses for ferrite in CCM
filter inductors
— Could consider use of a less expensive core material having higher
core loss
— Neglecting core loss is a reasonable approximation for this
application
+ Design is dominated by copper loss
— The dominant constraint on flux density is saturation of the core,
rather than core loss
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14.5 Summary of key points

1. Avariety of magnetic devices are commonly used in switching
converters. These devices differ in their core flux density
variations, as well as in the magnitudes of the ac winding
currents. When the flux density variations are small, core loss can
be neglected. Alternatively, a low-frequency material can be used,
having higher saturation flux density.

2. The core geometrical constant K, is a measure of the magnetic
size of a core, for applications in which copper loss is dominant.
In the K, design method, flux density and total copper loss are
specified.
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